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MOSSBAUER SPECTROSCOPY OF IRON IN COAL
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Pittsburgh Coal Research Center, Bureau of Mines, U.S. Department of the Interior
Plttsburgh, Pennsylvania 15213

INTRODUCTION

Metallic elements (Na, Mg, Al, Si, K, Ca, Ti, Fe) which occur abundantly in

the ash obtalned from the combustion of coals are present in the original coals
partly as inorganic constituents or minerals. The identification of minerals
present usually does not account gquantitatively for several of these elements, and
it is supposed that some sort of organic bonding with the coal is involved. The
nature of this bonding in most coals has not been determined. Changes in the infra-
red spectra of lignites and brown coals following acid and alkali treatment indicate
the presence of metallic salts of carboxylic acids (1,2,3). For higher rank coals,
little or nothing 1s known about the structures of the metallic elements

organicallj bound" . In the case of iron, for example, it has not been determined
whether the so-called "organic" iron is in the ferrous or ferric state, to what
ﬁlement or elements the 1r09 1; bonged, or whether there is more than one form of

organic” 1iron. The term organic must be interpreted with care; the nature of
the bonding is uncertain; and presumably could be ionic, coordinate, or organo-
metallic.

Mineral components containing iron can often be identified petrographically.
Pyrite (FeS») is common, both as distinct nodules and as veins, often intertwined
with carbonaceous macerals. An elec¢tron microprobe study of several coals (L)
revealed, however, many examples which lacked a correlation between Fe and S
distributions. In some cases Fe was distinctly associated with Si and Al,
suggesting incorporation in an aluminosilicate gel or kaolinite. A strong
parallelism of Fe and Ca (but not Si, Al, K, or S) in one specimen suggested the
presence of Fe as carbonate or possibly oxide. In some cases the Fe showed
fairly uniform distribution with no apparent correlation with other ash-forming
elements. This presumably could be organic iron.

MOssbauer spectroscopy has been employed to study the chemical properties of
iron in a great variety of natural materlals: oxides and oxyhydroxides (5,6),
sulfides. (7,8), numerous silicate minerals (5,6,9,10,11,12), ilmenite and related
titanium minerals (5,13), siderite (6), jJarosites (5,1&), lollingite (15), ordinary
chondrite meteorites (16), carbonaceous chondrites (17), an achondrite (16), and
several tektites (11). .

Recent general articles on Mossbauer spectroscopy (18,19,20,21,22) discuss
the interpretation of spectra in terms of the chemical state of iron, including
its oxidation state, bonding, and environmental symmetry. The isomer shift (8),
quadrupole splitting (A), line width (T'), line intensities, and a comparison of
the spectra obtained at room temperature and at liquid-Np tempergture are useful.

We have undertaken Mossbauer studies to characterize non-mineral iron in
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coal. A major advantage of the Mossbauer technique is that the iron is observed
without altering its chemical state cr enviromment. The relatively low atomic
nunber of the major elements present 1akes it possible for small amounts of iron
to be observed in rather large amounts oi' coal. Samples of whole coal and vitrain
as free as possible from minerals were selected in crder to winimize mineral-iron
interZference, and a iew samples whose chemical analysis indicated "organic" iron
were included. |

EXPERIMENTAL PROCEDURES

Nine specimens, vitrain or whole-coal, of seven coals with rank from lignite
(725 C) to anthracite (93 C) were used. Their designations and geographic origing
are given in Table 1, in order of increasing carbon content.

Table 2 is a compilation of the analytical data for C, H, N, S, Fe, ash, and
0 (by difference) on samples of these materials, as -determined by the Coal Analysis
group at the Bureau of Mines. The total iron in the coal was determined by ash
analysis. HCl-soluble iron was determined by treating a separate powdered sample
with 235 HCl to extract any iron present as carbonates, oxides, sulfates, etc.
Pyrite iron was then removed by treating the HCl-leached coal with 25 HNOs to
dissolve the iron combined with sulfur; the extract was evaporated to dryness to
expel oxides of nitrogen, and the residue was dissolved in HCl. In each case the
iron was reduced with SnCl,, the slight excess of which was eliminated with HgCl,.
The reduced iron was titrated with potassium dichromate. "Organic" iron was then
calculated by subtracting the two acid-soluble iron contents from the total iron.
The resulting iron contents are listed in Table 2 as: total, HCl-soluble, pyrite,
and "organic'. ’

Mossbauer spectra were obtained on coal samples that were ground in a mortar
and pestle. A cylindrical cell, cpen on one end with a circular aperture of
7.1k cm®, was wade by gluing a sheet of lucite 1/32" thick with Duco cement to
the bottom of a circular wall made from a paper card. A 3.50-g sample was then
placed into this cell. The top window, also 1/32" lucite, was then cemented in
place. The sample mass per unit area was thus held oonstant at 0.490 g em™2,
Inorganic iron compounds and mineral samples were ground and mounted either
between two lucite sheets held together with Duco cement, or by mixing the solid
with acetone and Duco cement and allowing this mixture to harden on a lucite sheet.
This latter method was used only when the sample would not interact with acetone
or the cement. The area for these samples was also 7.1k em®.. All of the materials
used in this investigation contained natural iron with presumably 2.19 atom % Fe57.

The Mossbauer spectrometer incorporates a Nuclear Science and Engineering
Corporation Model-B lathe-type drive modified in this laboratory for automatie
operation. The operating mode employs .constant velocit§+ advanced in increments
o .05 mm s~!. The detector of the 1lk4.h-keV Co®7 — Fe>' gamma radiation is a
Reuter-Stokes proportional tube containing 10% methane in krypton, feeding through
& single-channel analyzer set at 11 - 17 keV. Absorbers were mounted on the
moveable table pe;pendicular to the radiation beam. The stationary source consists
of ~ 5 mCi1 of Co® diffused into .chromlum metal. A Baird-Atomic scanning count
integrator and Varian chart recorder plot the number of counts in a constant time
interval at each velocity in succession.

Powdered samples of sodium nitroprusside gave an isomer shift, relative to
the Co%7-Cr source, of -0.11 mm s-!, and a gquadrupole splitting of 1.68 mm s~2.

" With this source a line width of 0.25 mm s~! was observed with an abgorber contain-,

ing 5 mg cm~2 of Fe as K4Fe(CN)g+3Ha0. The estimated uncertainty in the velocity
setting 1s about 29 of the velocity and the estimated uncertainty in derived
spectral parameters is ~ 0.05 mm s-. The counting time at each velocity was ~ 5
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minutes, yielding ~ (00,000 counts and a relative standard deviation < 0.15%.

The velocity region scanned for each sample was.from -2.0C-mm s™t to about
+ 4,00 m s7t,

n g ———

styrofoan was mounted on the moveable table of the instrument for low-temperature

measurements. The sample was placed in this and submerged in liquid Nz. The

spectrum of each coal sample was run twice at room tenperature, oefo&e and after
. the spectrum was taken at liquid-N, temperature.

b Most measurements were made a room temperature. - A cryostat made from
}

- Spectral parameters were generally read from plotted spectra. The data from

{’ sample F(a) were fitted to a double Lorentz curve by a least-squares program using
an IBM 7040 computer. Isomer shifts are reported (in mm s~') with respect to the

, 1lsomer shift of sodium nitroprusside. Quadrupole splittings are reported (in mm s‘l)

as the velocity differences between the minima of two associated absorption lines.

DATA

Room-temperature spectra for the nine coal samples are illustrated in Figure 1.
V/ Bach spectrum shows neither, either, or both of just two components: (1) a close
doublet similar to those of pyrite and marcasite, and (2) a wide doublet similar
to those of many ferrous compounds. Table 3 lists the Mossbauer parameters,
including the fractional peak absorptions, for what we will call respectively the
~ pyrite and non-pyrite resonances. Isomer shifts and quadrupole splittings obtained
/' with our instrument on some powdered iron compounds and minerals which were )
regarded as possibilities for the non-pyrite spectrum appear in Table 4,

// ‘The parameters observed for the pyrite iron are: igomer shift (d) = +0.5k4

mn s™%; quadrupole splitting (A) = 0.58 mm s™ .,  All of the coals having a non-
+ pyrite absorption as shown in Figure 1 have: ¢ = +1.38 mm s'l; A=2.62 ms™t.
/ The computer analysls of sample F(a) indicated both lines in the spectrum had

~ widths () of 0.39 mm s™'; their intensity ratioc is within 5% of unity.

i
N Liquid-N> spectra showed the same absorption peaks as at room temperature,
Y with 8 = +0.65 mn s * and A = 0.58 mm s=! for pyrite and 6 = +1.47 mm s~* and
s b= 2.78 mm s 1 for the non-pyrite iron.

INTERPRETATION

The iscmer shift is a.function of nuclear properties and the electron density

at the absorbing nucleus relative to that of the source or a standard absorber,

such as sodium nitroprusside (23,24). As the electron density at the iron
{> nucleus, due essentially only to s electrons, increases, the isomer shift decreases
/algebraically. Thus, ferrous compounds have a more positive isomer shift than
ferric campounds, as the additional 34 electron of the former increases the
shielding effect on the 3s electrons and thereby decreases their density at the
nucleus (18). For ferric iron, isomer shifts (relative to sodium nitroprusside)
have been observed in the range -0.1 to +l.1l mm s'l, and for ferrous iron from
-0.1 to +1.6 mm s~t. -

1

Quadrupole splitting into a two-line spectrum occurs when the iron nucleus

is in an asymmetric electric field. The field consists of two parts, (1) that.
produced by the electrons of the iron atom, including those shared with adjacent
atoms, and (2) that resulting from charges of the surrounding atoms; each part
can contribute to asymmetry at the nucleus. Ferric compounds show quadrupole
splittings from zero to about 2.3 mm s‘l; here the asymmetry is caused chiefly by
charges of the surrounding atoms. Ferrous compounds show larger values, from zero

to~ 3.3 mm s-. Perrous iron can exist in either a high-spin or a low-spin

T T T T e A N TR IR T T R



Table 3.

Room~tenperature Mdssbauer spectral parameters for coal samples*

Pyrite irom”

Non-Pyrite iron

Sample  Isomer Quadrupole Fragti onal Isomer Quadrupole Fractional
Ho. shifty splitting absorption shiftt splitting absorption
(mm st} (ms™t) (mm s71) (mm s™1) (45)
A (a) - - N.O.% - - ~ N.O.%#
(a) C.ha Cai3 1.5 - - N.0.
C (a) - - N.O. 1.39 2.65 2.3
(b) - - N.O. 1.36 2.63 2.1
D (a) 0.51 0.5% 5.0 - - . N.O.
() 0.53 0.bd 3.6 - - N.O.
E (a) 0.50 0.58 22.7 1.41 ~2.70 2.6
S () 0.0 0.53 2.3 - - N.O.
(c) 0.50 0..3 1.7 - - © N.O.
F (a) - - ~ N.O. 1.38 2.62 11.0
(b) - - N.0. 1.39 2.65 5.5
G (a) - - , N.O. 1.38 2.65 1.5
(b) - - N.O. 1.38 2.65 1.0
H (a) 0.54 c.60 1.3 1.39 2.65 1.5
(b) 0.59 0.6C 1.7 1.36 2.60 1.7
I(a) - - N.O. - - N.O.
(v) 0.56 0.65 1.0 - - N.O.
*

Weighing 3.50 g and distributed evenly over 7.14 cm®.

May include marcasite.

With respect to center of sodium nitroprusside spectrum.

Zero-point uncertain by 0.10 mm s .

1

N.O. = not observed; in general, < 0,5%.
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Figure 1. Mdssbauer spectra of coal samples. In most cases, each point
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add 0.11 mm 8~' to the indicated values.
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.state, depending on the strength of the ligand field around the central iron

atom. In the high-spin configuration the large asymmetry of the valence. shell
results in considerable asymmetry at the nucleus; low-spin ferrous compounds have
smaller field asymmetries, which are due chiefly to the external environments only.

Pyrite and marcasite, respectively stable and metastable forms of FeSp, are
low-spin ferrous compounds. Isomer shifts and quadrupole splittings observed in
this laboratory (Table 4).are in agreement with those of Temperley add Lefevre (8).
- The parameters of the two minerals are so similar that the spectra cannot be
resolved when both are present. A comparison of the data in Tables 3 and 4
confirms the conclusions fram petrographic (25) and x-ray diffraction (26) studiles
* that the iron sulfide in coal consists mainly of pyrite.

From the Mossbauer data on the non-pyrite iron observed in several coal
samples (Figure 1 and Table 3), it can safely be concluded that this iron is in a
high-spin ferrous state. Furthermore, the combination of such high values of
both isomer shift and quadrupole splitting has been reported only in octahedrally-
coordinated high-spin ferrous compounds, so it is highly probable that the non-
pyrite iron in coals 1is in octahedral coordination. Neither the analytical nor
the MOssbauer data ylelds a distinction between inorganic or organic minerals or
compounds. - -

: The natural line width (T.) of the FeS7 gamna radiation corresponds to a
velocity difference of 0.0973 mm s™* (27), and the minimum observable line width

(r) in a Mdssbauver spectrum 1s twice this, 0.195 mm s~}. Inhomogeneities in the
source and absorber, instrumental "notse" , unresolved quadrupole splitting, and
atomic spin-spin relaxation effects {22,28,29) increase the apparent line widths,
and further widening occurs with thick absorbers (30). The minimum width we have
cbserved with our instrument 1s:0.25 mm s~* for a very thin absorber. The value

of T = 0.39 mm s~! observed for the strongest non-pyrite iron spectrum (sample F(a))
indicatés that this doublet 1s caused by a fairly well-defined iron.coampound or
mineral, though some inhomogenelty may be present. ' -

A large number of iron compounds have strong Mossbauer absorptions (large
recoil-free fractions) at room temperature. Some ferrous compounds show little
or no absorption at room temperature, but at liquid-N, temperature the intensity
is strongly enhanced (31,32). We have observed this effect with ferrous stearate,
which must be cooled to liquid-N, temperature before resonant absorption is
detected. Herzenberg and Toms (5) have observed that samples of y-Fez03 and
d-FeOOH give nonresonant absorption at room temperature. These would probably
exhibit an effect at liquid-Nz temperature. Lack of such an effect in the coals
1s interpreted to mean that there are no compounds present in significant amounts
that do not have appreciable resonant absorption at room temperature.

Isomer shifts and quadrupole splittings depend on the temperature. A )
second-order Doppler effect (22) decreases the isomer shift as the temperature is
increased. Quadrupole splittings for high-spin ferrous campounds are affected
by temperature much more strongly than those of other iron compounds because the
.population of the de levels of iron in an octahedral field 1s determined by a
Boltzmenn distribution (18,22). For example, FeSO4°TH20 shows a change of ¢
from +1.55 to +1.56 mm 8~' and of A from 3.19 to 3.47 mm s~ in going from room -
to liquid-nitrogen temperature (18). The cbserved change in the non-pyrite iron
spectrum in cosl of & from +1.38 to +1.47 mm 57! and of A from 2.62 to 2.78 mn- 8
is in agreement with our assignment to this class of compounds.

In some iron compounds where the Mossbauer absorption ordinaﬁiy shows é.r
6-line hyperfine structure as a result of a magnetic field at the nucleus, very
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finely comminuted’ samples show Iinstead a two-line pattern at room temperature as a
result of thermml disruption of the macroscopic magnetic domains. Kundig et al.

(33) observed this effect in a-Fe 05 in particles of ~ 50-A dlameter, but at
1iquid-N, temperature the 6-line pattern was observed. The absence of any magnetic
splitting in the coal spectra at room-or liquid-N, temperatures probably rules out
the possibility that the non-pyrite .doublet is caused by a magnetically ordered
material (such as Fe,03, FeaOs, FeCs, FeS, or metal) present. as veryl small particles.

Inequality in the intensity of the components of a doublet may result from
the anisctropy of the absorption cross section relative to the crystal axes when
(1) . a single-crystal absorber 1s oriented preferentially with respect to the
optical axis, or (2) there 1s anisotropy in the recoilless fraction of the split
3/2 state; the latter condition results in unequal absorption even with powdered
samples (Goldanskii effect) (20,21). Most of the samples used in this work were
powdered, so only the second effect could be operative, except for biotite, which
was mounted as a sheet. The essential equality of intensity of the two non-
pyrite coal spectrum lines would eliminate any compounds showing unequal absorption
in powdered samples as possible causes of thls absorption.

At the present state of Mossbauer spectroscopy, the identification of an
unknown compound from its spectrum can only be made by finding a known compound . ,
having the same spectrum and temperature dependence. We have been unable.to find
any published combination of spectral parameters, for either natural or synthetic
iron compounds, which match that of the non-pyrite iron in coal. Ankerite
(Table L), which has not been reported previously, likewise does not match.

/. - In Flgures 2 and 3 we have plotted A versus § for all single- or two-line iron
spectra for which we have been able to obtain data (5,6,8,9,10,11,14,18,31,34,35,
36,37,38,39,40). Attention 1s called to the variations in § and A within isomorphous
silicate serles (olivines, pyroxenes) in which the Fe/Mg ratio varies. Many
silicate minerals show two or more coupled Mossbauer doublets, eliminating from
consideration many points near the coal point on the plots. Biotite gives an
apparent 2-line spectrum with 6 and A similar to the coal spectrum, but with
decidedly unequal intensities (our measurenent ), which persist in powdered samples
(6), and which can be resolved into a coupled doublet (9), whereas the coal
spectrum is symmetrical. Even consldering the compositicnal variations and the
uncertainties of measurement, 1t is apparent that the non-pyrite iron in coal is
distinct from any compound whose Mossbauer spectrum is known. Minerals excluded
include oxides and oxyhydroxides, sulfides and related compounds, the carbonates
siderite and ankerite, titanian minerals, and the many silicates examined.

Some ferrous complexes of pyridines (35) and 1,10-phenanthrolines (37) have
similar though non-matching ¢ and A values. These comparisons suggest that the
non-pyrite iron could be bound to heterocyclic nitrogen aromatic groups in the
coal macerals, or possibly in a clay-like silicate mineral or gel.

An attempt was made to correla.te the Mossbauer absorption intensities in the
coals with the analytical data. Mossbauer spectra were determined on mixtures of
pyrite in carbon, and the fractional peak absorption was plotted against the mass
fraction of pyrite iron. In a few coal samples the Mogsbauer absorption and the
analytically determined amount of iron as "pyrite"” did agree with the above plot,’
but in others the agreement was poor. This may be due to the inadequacy of the
chemical method for determining pyrite iron, and to differing matrix effects in
the coals and the standards. Likewlse, a poor correlation was fou.nd between the
non-pyrite iron absorption in coals and the amount of organic iron deduced from
the chemical analyses, although the sample with the highest "organic" iron,
Jewell Valley coal F(a), showed the strongest non-pyrite Mossbauer spectrum.
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Table 4. Room-terperature isomer shifts and quadrupole splittings for
polycrystalline iron compounds and minerals

Other Work

1.38

This Work

Compound or Mineral %3 A8 %% a§ Ref. (

Pyrite, FeSs 0.5k 0.60. 055 0.61 8
Marcasite, FeS, 0.51  0.50 0.52 0.51 8 .
N

Siderite, (Fe,Mg)COs 1.47 1.78 1.7 1.80 6
Ankerite, (Ca,Mg,Fe)COs - 1.6  1.50 - - - 5

Olivine, (Mg;Fe)25i04 1.39  2.95 1.39 3.06 10
\
: 1.2 241

Biotite, K(Mg,Fe)s(A1513010)(0K)z 1.36  2.50 1.hg 261 9
_ Fe*2 1,19 '2.10 \

Tourmaline, Na(Mg,Fe )aAlg(BOs )3 (Sie01s)(0H)y 1.30 2.38 Fe*2 1.4k 2.61 10
Fe*® 0.99  0.91 1
Ferrous sulfate, FeS04°T7H20 1.56 3.05 1.53 3,19 18 ,
(]
T

Ferrous acetate, Fe(CsHaOz)z 1.Lk5 2.23 - - -
Ferrous stearate, Fe(CisHas0z)2 0.66t 0.70t - - - N

Non-pyrite iron in coal 2.62 - - -

* Respect to center of sodium nitroprusside spectrum.

t+ At liquid nitrogen temperature; no resonant absorption cobserved

§$ Inm s™t.

at room temperature.

:l:-/ -~
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relative to sodium nitroprusside for two-line ferrous spectra. Lines connect pairs of y
points which are observed together in the same minersl or compound. Dashed lines indicate
that a ferric spectrum is associated with the plotted ferrous point. Synthetic compounds:
l-ferrianite (synthetic mica), 2-synthetic pyroxenes, 3-synthetic olivines, h-welding glass

5-germanium spinel, &-oxy-salts, 7-carboxylates, 8-halides, J-pyridine complexes, 10- \
phenanthroline complexes, ll-ferrous hemoglobin. . Natural materials: A-actinolite, B-
blotite, C-clay minerals, F-fayalite and olivine, M-clinopyroxenes, P-orthopyroxenes, \

R-ankerite, S-siderite, T-tourmaline, X-tektites, *-non-pyrite iron in coal. \
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CONCLUSION

In summary, several coal samples contain a form of iron which exhibits a
hitherto unobserved Mossbauer spectrum, in addition to the well-known pyrite
spectrum. The non-pyrite iron is ferrous, in a high-spin configuration, in
cctahedral symmetry, and apparently in a rather well-defined state, Comparisons
with known compounds suggest that this iron may be bound in the coal macerals to
heterocyclic nitrogen aromatic groups, though a clay-like silicate mineral or gel
is a possibility. IMossbauer spectrometry can at the very least indicate the
most suitable coal samples for further studies of this iron by chemical and other
methods. . It should ultimately .permit unamoiguous identification of the iron in
coal with synthetic compounds or analogs. We intend to pursue this line of
investigation. - . . :
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